The present work aims at determining the structure-activity relationships (SAR's) which rule the biological function of agmatine (4-(aminobutyl)guanidinium, AGM), a biogenic amine produced by decarboxylation of arginine. Its structural preferences, both as an isolated molecule and in aqueous solution (namely at physiological conditions) were ascertained, by vibrational (Raman) spectroscopy coupled to theoretical (density functional) calculations. An evaluation of mitochondrial functions (membrane potential ( ), mitochondrial swelling, and cytochrome c release) in rat liver mitochondria (RLM) was also carried out. The results thus obtained, coupled to the conformational analysis performed for the distinct polyamine protonation states, allowed to individualize the agmatine structures which interact with the mitochondrial site responsible for its transport and for the protection against mitochondrial permeability transition (MPT) induction, as
Introduction
Agmatine (4-(aminobutyl)guanidinium, AGM, Fig. 1 ), is a biogenic amine produced by decarboxylation of l-arginine by arginine decarboxylase (ADC). The metabolic pathway of agmatine synthesis, long known to be present in bacteria and plants, has lately also been demonstrated in mammalian tissues [1] . A large number of evidence has been reported regarding the wide range of physiological functions carried out by agmatine [2] . In fact, this polyamine was found to act as a neurotransmitter or neuromodulator [3] and bind to imidazoline and α 2 -receptors [4, 5] , and it can stimulate insuline release [6] and induce catecholamine [3] . In addition, agmatine may behave as an antiproliferative agent and tumor suppressor [7] [8] [9] [10] , by inhibiting polyamine biosynthesis and thus regulating cell proliferation (e.g., in rat hepatoma cells [11] ), as well as by modulating apoptosis (e.g., in hepatocytes [12] ).
Besides being synthesized in situ, agmatine can also be taken up from exogenous sources through the diet, and accumulated in the cells and the subcellular organelles by means of specific protein transporters [13] [14] [15] , which have not yet been identified at a molecular level. As accounted for other biogenic polyamines, the activity of agmatine as a transportable cation and biological effector can be significantly influenced by its structural preferences. Thus, the study of its conformational characteristics is of the utmost importance for the understanding of the structure-activity relationships (SAR's), which rule AGM's diverse biological functions.
The goal of the present work is to better understand the role of agmatine in biological systems (e.g., mitochondria) in the light of a thorough conformational analysis of the polyamine, both in the solid and in aqueous solution, for AGM distinct protonation states. Vibrational (Raman) spectroscopy combined to theoretical methods (density functional calculations) were used for the structural study, while biological assays were carried out in rat liver mitochondria (RLM) preparations. In this regard, the phenomenon of mitochondrial permeability transition (MPT) has been taken into account.
MPT is due to the opening of a high conductance channel, the transition pore, in the mitochondrial membrane. This phenomenon takes place when a large amount of Ca 2+ accumulates in mitochondria, together with an inducing agent, e.g., phosphate or a pro-oxidant compound. The production of reactive oxygen species, though the oxidation of critical thiol groups, and the interaction of Ca 2+ with specific sites of the adenine nucleotide translocase, are then responsible for triggering MPT. This is characterized by a collapse of , matrix swelling, release of endogenous cations, and oxidation of sulphydryl groups, glutathione, and pyridin nucleotides. All these events add to a redox catastrophe and a bioenergetic collapse [16] . Indeed, the swelling undergone by mitochondria is responsible for outer membrane rupture and the consequent release of soluble factors such as cytochrome c (responsible for caspase activation), the final result being apoptosis induction (for a review see [17] ).
Experimental section

Chemicals
Agmatine, anticytochrome c antibody (Pharmigen), biuret, bovine serum albumine (BSA), ethylenediaminetetraacetic acid (EDTA), ethyleneglycol-bis(2-aminoethylether)-N, N,N N -tetraacetic acid (EGTA), carbonyl cyanide ptrifluoromethoxyphenyl-hydrazone (FCCP), rutenone, ruthenium red, SDS-PAGE, succinate, tetraphenylphosphonium cation (TPP + ), as well as the Centrikon membranes (Amicon), were purchased from Sigma-Aldrich.
Biological assays
Mitochondrial preparations
RLM were isolated by conventional differential centrifugation, in a buffer medium containing 250 mmol dm −3 sucrose, 5 mmol dm −3 Hepes (pH 7.4), and 1 mmol dm −3 EGTA. EGTA was omitted from the final washing solution [18] . Protein content was measured by the biuret method with bovine serum albumin as a standard [19] .
Standard incubation procedures
RLM (1 mg protein/mL) were incubated in a waterjacketed cell at 20
• C. The standard medium contained 200 mmol dm −3 sucrose, 10 mmol dm −3 Hepes (pH 7.4), 5 mmol dm −3 succinate, and 1.25 µmol dm −3 rotenone. Variations and/or other additions are described for each particular experiment presented.
Determination of mitochondrial functions
The membrane potential ( ) was calculated on the basis of distribution of the lipid-soluble tetraphenylphosphonium cation (TPP + ) through the inner mitochondrial membrane. This was measured with a homemade TPP + -specific electrode (according to published procedures [20] ).
The mitochondrial swelling was determined by measuring the apparent absorbance change of the mitochondrial suspension at 540 nm, using a Kontron Uvikon mo. 922 spectrophotometer, equipped with a thermostatic control.
The protein sulphydryl group oxidation assay was performed as described in the literature [21] .
Detection of cytochrome c release
RLM (1 mg protein/mL) were incubated at 20
• C for 15 min in the standard medium, with appropriate additions. The reaction mixtures were then centrifuged at 13,000 × g for 10 min, at 4
• C, in order to obtain mitochondrial pellets. The supernatant fractions were further spun at 100,000 g for 15 min, at 4
• C (in view of eliminating mitochondrial membrane fragments) and five times concentrated by ultrafiltration through Centrikon membranes (Amicon), at 4
• C. Aliquots of these concentrated supernatants were then subject to 15%-SDS-PAGE (sodium dodecylsulphate-polyacrylamide gel electrophoresis) for cytochrome c, and analyzed by Western Blotting using a mouse anticytochrome c antibody (Pharmigen).
Theoretical calculations
The density functional calculations-full geometry optimization and calculation of the harmonic vibrational frequencies-were performed using the GAUSSIAN 98W program [22] within the Density Functional Theory (DFT) approach, in order to properly account for the electron correlation effects (particularly important in this kind of systems). The widely employed hybrid method denoted by B3LYP [22] [23] [24] [25] [26] [27] [28] , which includes a mixture of HF and DFT exchange terms and the gradient-corrected correlation functional of Lee et al. [29, 30] , as proposed and parametrized by Becke [31, 32] , was used, along with the double-zeta split valence basis set 6-31G * * [33, 34] . Molecular geometries were fully optimized by the Berny algorithm, using redundant internal coordinates [35] : the bond lengths to within ca. 0.1 pm and the bond angles to within ca. 0.1
• . The final root-mean-square (rms) gradients were always less than 3 × 10 −4 hartree bohr −1 or hartree radian −1 . No geometrical constraints were imposed on the molecules under study.
Mulliken atomic charges were calculated for the different protonation forms of the agmatine molecule. The relative populations were determined according to the Boltzmann distribution (at 25
• C), based on the relative conformational energies yielded by the geometry optimization. The calculated wavenumbers above 400 cm −1 were scaled using a factor of 0.9614 according to Scott and Radom [36] , before comparing them with the experimental data.
The solvent effect (water) was simulated by performing Self-Consistent Reaction Field (SCRF) calculations. A continuum model-the Integral Equation Formalism (IEF) [37] [38] [39] version of Tomasi's Polarized Continuum Model (PCM) [40] [41] [42] -was used. This approach defines the molecular cavity as the union of a series of interlocking spheres centered on the distinct atoms of the system.
Raman spectroscopy
The Raman spectra were obtained at room temperature, for both the pure solid and the aqueous solutions of agmatine, on a triple monochromator Jobin-Yvon T64000 Raman system (0.640 m, f/7.5) with holographic gratings of 1800 grooves mm −1 . The detection system was a nonintensified CCD (Charge Coupled Device). The entrance slit was set to 200 µm and the slit between the premonochromator and the spectrograph was opened to 14.0 mm. The 514.5 nm line of an Ar + laser (Coherent, model Innova 300) was used as excitation radiation, providing 60 to 200 mW at the sample position. Each spectrum is the sum of about three scans for the solid samples and 10-15 scans for the solutions. Under the above-mentioned conditions, the error in wavenumbers was estimated to be within 1 cm −1 . Samples were sealed in Kimax glass capillary tubes of 0.8 mm inner diameter.
For all agmatine aqueous solutions, the pH was ajdusted with NaOH and/or HCl, the presence of the Na + and Cl − ions leading to a better mimetization of the physiological conditions. The spectra of the analogous polyamines dien (H 2 N(CH 2 ) 2 NH(CH 2 ) 2 NH 2 ) and propen (H 2 N(CH 2 ) 3 NH(CH 2 ) 3 NH 2 ), in the solid N-protonated form, were also obtained, in order to better assign the agmatine features.
Statistical analysis
The data represented in Fig. 3 was obtained by five different independent assays. All experimental results are expressed as the mean ± standard deviation (SD).
Results
Biological assays
Agmatine at 15 µmol dm −3 concentration was previously reported to induce MPT through a mechanism, which possibly involves generation of H 2 O 2 [12] . However, an opposite effect was observed when mitochondria was treated with higher concentrations of agmatine [15] . These observations are corroborated and better explained by the present results. In fact, the biological assays now performed allow to determine that, in the concentration range 0.5-2 mmol dm −3 , agmatine displays a dose-dependent inhibition on mitochondrial swelling (I 50 value = 0.5 mmol dm −3 ) ( Fig. 2A) , almost identical to that detected for the divalent polyamine putrescine (I 50 = 0.47 mmol dm −3 ) (Fig. 2B ). At 1 mmol dm
concentration, in turn, agmatine was found to prevent the collapse of the membrane potential induced by Ca 2+ plus phosphate (Fig. 3A) , as well as to block the oxidation of sulphydryl groups (Fig. 3B) . Figure 3C reports a Western Blot analysis of mitochondrial cytochrome c in the supernatant, evidencing that concomitantly to the onset of the above mentioned events cytochrome c is also released. The presence of 1 mmol dm −3 AGM significantly inhibits this efflux. Furthermore, agmatine showed to be able to inhibit mitochondrial swelling in mitochondria deenergized by carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP), in the presence of ruthenium red (RR), thus suggesting that the amine acts by interacting on the external side of the mitochondrial membrane (Fig. 3D ). These observations clearly indicate that agmatine, at high concentrations, inhibits the triggering of MPT, as opposed to the results previously reported by Gardini and collaborators for low AGM concentrations [12] (for a review on MPT see Ref. [43] ).
Previously reported studies demonstrate that the preventive effect of natural and synthetic polyamines on MPT induction is strongly dependent on their electric charge, the concentration of amine needed to inhibit the phenomenon being inversely proportional to its charge [44] . Furthermore, the present results show that agmatine still exhibits its inhibitory effect on MPT under deenergizing conditions (Fig. 3D) , evidencing that it can prevent the instauration of MPT by binding to the external side of the membrane, without crossing it. In fact, pore opening under deenergizing conditions has been previously reported elsewhere [45] . In the light of these observations, it is proposed that the species responsible for this protective effect are dicationic AGM structures, the structure of which was obtained by theoretical calculations (see below).
Ab initio MO calculations
A complete geometry optimization by density functional calculations was carried out for agmatine, considering the distinct protonation states of the molecule. The effect of several structural parameters on the overall stability of the polyamine was investigated, namely: (i) conformation of the guanidinium group relative to the carbon chain (-(CH 2 ) 4 -) of the molecule-change in the (C 4 C 5 N 16 C 18 ) dihedral angle (rotation around the C 5 -N 16 bond) (Fig. 1); (ii) orientation of the guanidinium (C 18 =)N-H group relative to the C 18 -N 21 bond-(H 20 N 19 C 18 N 21 ) dihedral equal to 0 or 180
• , defining either a cis or a trans configuration, respectively.
Both considering the isolated molecule and the aqueous solution, five different conformers were obtained for unprotonated (n = 0, q = 0) and monoprotonated (n = 1, q = 1 + ) agmatine, while six were found for the diprotonated (n = 2, q = 2 + ) species (Table 1, Figs. 1 and 4) . For the unprotonated species, four conformers were determined to be significantly populated at room temperature ( Table 1 ). The lowest energy geometry (AGM 00) presents a quasi-perpendicular orientation of the guanidinium group ((C 4 C 5 N 16 C 18 ) ca. 78.0
• ) and a cis conformation of (C 18 =)N-H relative to the C 18 -N 21 bond (Fig. 4) . Conformer AGM 04 was determined to be highly destabilized (mainly for the isolated molecule), most probably due to the orientation of the guanidinium NH 2 relative to the aliphatic amino group (Fig. 4) -AGM 04 vs AGM 03, Table 1 .
Three conformations with considerable population at room temperature were obtained for the diprotonated species of agmatine-AGM 22, AGM 23, and AGM 25 ( Table 1 ). The most stable structure in aqueous solution-AGM 22, probably the predominant species at physiological pH-displays a quasi-perpendicular guanidinium group ((C 4 C 5 N 16 C 18 )= − 89.0
• , Table 2 ) relative to the carbon chain, as opposed to the lowest energy conformer for the isolated molecule, AGM 23, which has a (C 4 C 5 N 16 C 18 ) dihedral of 165.6
• . In both cases, the (C 18 =)N-H group adopts a trans orientation relative to the C 18 -N 21 bond. The two species present in aqueous solution with almost identical populations, AGM 22 (37.2%) and AGM 25 (36.0%), are enantiomeric conformations, varying solely in the relative orientation of the guanidinium group and the aliphatic chain-(C 4 C 5 N 16 C 18 ) equal to ± 89.0 • (Tables 1 and 2 , Fig. 5 ).
Regarding the monopositive molecule (protonated only in the guanidinium amino group, displaying the highest polarity), two mainly populated geometries (at room temperature) were obtained-AGM 10 and AGM 11 ( Table 1, Fig. 5 ). Similarly to what has been verified for dipositive agmatine, while the minimum energy conformer for the isolated molecule (AGM 11, Fig. 4 ) displays a coplanar structure, a tilted conformation (AGM 10, Fig. 5 ) was found to be the most favoured one in solution. A trans guanidinium (C 18 =)N-H group relative to C 18 -N 21 was also determined to lead to a higher stabilization. The highest energy conformer (AGM 14), in turn, presents two conformational characteristics which were found to be energetically unfavored: a cis orientation of the guanidinium (C 18 =)N-H relative to the C 18 -N 21 bond, coupled to a trans (C 18 =)NH relative to the aliphatic NH 3 + . Thus, despite its high dipole moment (µ = 15.2 D), this geometry is not populated in aqueous solution at room temperature, as opposed to AGM 11, which has an identical polarity (µ = 15.2 D) but a population of 38.5% (Table 1) .
Similarly to what has been reported for putrescine [46, 47] , the carbon chain of the agmatine molecule was found to adopt a preferential linear all-trans configuration, for all protonation states of the molecule. A trans orientation of the guanidinium (C 18 =)N-H relative to the C 18 -N 21 bond was found to be energetically favored whenever the neighbouring amino moiety is protonated, which is easily understandable in the light of minimisation of the H 20 · · ·H 23 steric repulsions: conformers AGM 10 vs. AGM 12, AGM 11 vs. AGM 13, AGM 22 and AGM 25 vs. AGM 20, and AGM 23 vs. AGM 21 (Fig. 4) . Moreover, a trans conformation of the (C 18 =)NH moiety relative to the aliphatic NH 2 ((C 5 N 16 C 18 N 19 ) ca. 180.0
• ) is clearly unfavored: conformers AGM 04 vs. AGM 03, AGM 14 vs. AGM 13, AGM 24 vs. AGM 23 (Fig. 4) . In aqueous solution, those geometries displaying a nonplanar conformation of the guanidinium group relative to the carbon chain showed to be stabilized relative to the coplanar ones (which are favored for the isolated molecule).
Apart from the relative orientation of the N 19 -H 20 and C 18 -N 21 bonds (Fig. 1) , the configuration of the whole guanidinium (C 18 =)NH moiety relative to the aliphatic amine chain thus proved to be a quite important parameter for the stabilization of the agmatine molecule, most probably due to electronic delocalization factors. In fact, by comparing the results obtained for the isolated agmatine (gas phase) and considering the presence of water, it may be concluded that the nonplanar geometries are clearly favored in solution (AGM 00 vs. AGM 01 and AGM 10 vs. AGM 11 Fig. 5 , Table 1) .
N-Protonation of agmatine, in turn, was found to lead to an expected decrease of the negative charge of the nitrogen atoms, both for the guanidinium moiety of the molecule and for the terminal amino group: uncharged conformers vs. mono-and dipositive species, and monoprotonated vs. diprotonated forms (Fig. 5) . As to the carbon atoms adjacent to the ionizable site, while the guanidinium C 18 is unaffected by protonation, the charge in C 2 is approximately doubled ( −0.06 to − 0.12) upon N 1 -protonation (Fig. 5) .
Raman spectroscopy
The Raman spectra (100-1750 cm −1 ) of diprotonated agmatine, both in the solid state and in aqueous solution (at pH 7.3), are represented in Fig. 6 . Figure 7 comprises the Raman pattern of agmatine aqueous solutions (ca. 0.5 mol dm −3 ), at distinct pH values. The corresponding experimental wavenumbers are listed in Table 3 , along with the calculated frequencies for the most stable conformers of the diprotonated molecule-AGM 23 (isolated amine) and AGM 22 (aqueous solution).
A complete assignment of the experimental vibrational features was carried out (Table 3) , in the light of both the theoretical results and the spectra of the similar polyamines dien (H 2 N(CH 2 ) 2 NH(CH 2 ) 2 NH 2 ) and propen Fig. 4 Schematic representation of the calculated (B3LYP/6-31G * * ) lowest energy conformers for isolated agmatine, in its distinct protonation states (H 2 N(CH 2 ) 3 NH(CH 2 ) 3 NH 2 ) presently obtained (Fig. 8) , as well as based on the data previously gathered for the analogous biogenic amines putrescine (H 2 N(CH 2 ) 4 NH 2 ), spermidine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH 2 ), and spermine (H 2 N(CH 2 ) 3 NH(CH 2 ) 4 NH(CH 2 ) 3 NH 2 ) [46] [47] [48] [49] .
The vibrational results now reported for agmatine are in total agreement with its theoretically determined conformational behavior, previously described. In fact, the expected structural changes due to N-protonation are clearly detected in its Raman spectra: as pH is increased (and the amount of protonated species gets lower and lower) a strong decrease in intensity is observed for the very intense band at 983 cm −1 (Fig. 7) , ascribed to a deformation (rocking) mode of the NH 3 + guanidinium group, ρ NH 3 (Table 3) . Moreover, as the percentage of the unprotonated form raises the broad feature at ca. 1650 cm −1 , assigned to the NH 2 scissoring mode, increases in intensity. It should be noted that at pH 11.8 there is still a nonnegligible percentage of monoprotonated agmatine in solution, which accounts for the presence of the band at 983 cm −1 , although much weaker than for lower pH values, when the dipositive species is predominant in solution (Fig. 7) . The occurrence of the Raman strong feature due to the ρ NH 3 mode is predicted by the calculations, for the monoand dipositive forms of agmantine (displaying a protonated Table 2 Optimized geometries for the most stable conformers of agmatine at physiological conditions (B3LYP//6-31G guanidinium group, Fig. 5 ), both for the isolated molecule and for the aqueous solution, at 994 and 981 cm −1 , respectively (Table 3 ). The protonation state of agmatine can thus be easily and unequivocally determined through its Raman pattern, in aqueous solution.
Discussion
The results gathered along the present study lead to the understanding of the conformational preferences of agmatine, namely to the determination of the most stable physiological agmatine structures, i.e., the predominant species present in aqueous solution at pH 7.3. These were found to be the dicationic forms AGM 22 and AGM 25, displaying a lower negative charge in the protonated aliphatic amino terminal relative to the monopositive or neutral forms of the molecule (Fig. 5) . Most probably, these are also the conformations to be found in the biological fluids during agmatine absorption from the diet, as well as in the cytosol, in mammalian cells, after agmatine is transported across the plasma membrane. Consequently, these are prone to be the species that interact with the mitochondrial membrane and have a marked effect on MPT, a phenomenon known to be associated with apoptosis (for a review see Ref. [16] ).
The concentration-dependent effect of agmatine on MPT induction verified along this work may be explained by considering that it is due to the oxidation products of agmatine (H 2 O and aldehyde) in the presence of Ca 2+ . Thus, while for low AGM concentrations all the amine is in the oxidized form, at high concentrations the tendency toward pore opening triggered by the oxidation of agmatine is counteracted, or even abolished, by the intact amine molecules, not yet oxidized. These results are in accordance with those found in the literature for the monoamine tyramine [50] .
Although no specific agmatine transport mechanism has, to this date, been characterized at a molecular level, there are several proposed models reported in the literature. One of these suggests that agmatine may (e.g., in human cell lines derived from embryonic kidney) be transported through the nonneuronal monoamine transporters EMT and OCT2 [14] . In this particular case, it was verified that the transport velocity is directly proportional to the concentration of Fig. 1) diprotonated ones AGM 22 and AGM 25 (Fig. 5) . Nevertheless, the large difference between the measured transport rates for agmatine and putrescine are suggested to be indicative of an alkaline microenvironment of the agmatine transporter (pH > 7.3), which will imply that this amine is not carried as a dipositive species, but as a monovalent, high dipole moment, cation instead (AGM 10 and AGM 11).
Considering the occurrence of electrostatic interactions between agmatine and the fixed anionic charges of neighboring biological structures (e.g., aspartic and/or glutamic acid residues from transporter proteins, Fig. 9 ), the most probable conformations for this polyamine under physiological conditions are the dipositive ones AGM 22 and AGM 25 (as also suggested by the results on MPT triggering), although the monocationic species AGM 10 and AGM 11 may also exist in particular microenvironments. However, agmatine is also known to interact with hydrophobic sites in vivo, in which case the structures involved would be AGM 00 and AGM 01, which are the most abundant uncharged forms in solution.
Conclusions
The results obtained along the present study allowed to thoroughly characterize the structure of the most stable geometries of agmatine in aqueous solution, under different pH conditions (Fig. 5) : at physiological pH, the diprotonated (dipositive) forms-AGM 22 and AGM 25; at alkaline pH (ca. 7.3-9.0), the monoprotonated (monopositive) species-AGM 10 and AGM 11; and in strong alkaline medium, the totally unprotonated (neutral) molecule-AGM 00 and AGM 01.
Since the activity of biogenic polyamines is recognized to be strongly affected by their structural preferences, the determination of the conformational behavior of agmatine is of the utmost importance for the understanding of its diverse biological roles, namely its effect on the mitochondrial permeability transition and its specific transport mechanism. These SAR's studies are essential for the development of new agmatine-based therapeutic strategies (e.g., against drug addiction, pain-killing, or tumor suppressing). ν, stretching; δ, deformation; and ρ, rocking; s and as stand for symmetric and antisymmetric vibrations; guan refers to the guanidinium moiety of the molecule; atoms are numbered according to Fig. 1 ) Fig. 9 Schematic representation of the possible interaction between acidic aminoacid terminals (e.g., from a transport protein) and the most stable structure of agmatine at physiological conditions (dicationic species AGM 22) 
